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Chapter 1  
General introduction 
  
1.1 luminescent colloidal Silicon nanocrystals  
Silicon (Si) is one of the most important and abundant materials on earth. It is 
abundant and relatively benign, which is widely used in microelectronic industry. 
Nanometer-size (1–10 nm) silicon is in many ways very interesting materials whose 
potential is still not fully understood. In particular, we call free-standing silicon 
nanocrystals as a‘colloidal’ silicon nanocrystals (Si-ncs), or freestanding Si-ncs. The optical 
properties of Si-ncs are dramatically modified by and dependent on the nanocrystal size.1-
5  
 
Canham et al 6 was the first to report in 1990 room-temperature photoluminescence 
from nano-sized silicon (i.e., porous silicon) that were fabricated by electrochemical erosion 
of crystalline silicon in acidic electrolytes. Many other technologies were subsequently 
Figure 1.1. (a) Dependence of the PL spectra on the average diameter of Si-nc at 295 K.1 
(b) Schematic illustration of quantum confinement effects. 
(a) (b) 
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developed for the fabrication of luminescent nanostructured of silicon. For example, the 
luminescent Si-ncs fabricated in SiO2 matrices were synthesized by using rf cosputtering 
method. As shown in Figure 1.1, the dependence of the PL spectra on particle size are 
demonstrated at room temperature, i.e., PL peak energy of the Si-nc increases with 
decreasing its size, due to the confinement of excited carriers (e.g., exciton) in nanometer-
sized region, i.e., quantum confinement. As shown in Figure 1.1(b), with decreasing the 
size of confinement region (a particle) below exciton Bohr radius, the energy band becomes 
discrete levels and the band gap energy increase. 
 However, compared to the direct bandgap semiconductor materials, the optical and 
electronic properties of the nano-sized silicon particle is still not very clear and is under 
debate. As a result, the research on luminescent colloidal Si-ncs are still very important 
for future practical applications. 
 
1.2 Application of the Si nanocrystals for 
light-emitting silicon device 
Semiconductor nanocrystals or quantum dots (QDs) are a new class of materials in 
recent years, combining tailored electronic properties and the advantageous ability in 
solution-based techniques. Colloidally stable nanocrystals are therefore expected to find 
widespread application in electronics and optoelectronics.7-18 Even though QD-LEDs have 
been intensively investigated, 16-18 the toxicity of the elements used for efficient II−VI QD-
LEDs, such as CdS, CdSe, and their Pb containing counterparts, is a severe drawback for 
many applications. In contrast, Si-ncs with diameters less than 5 nm can exhibit high 
luminescence efficiencies1-5 with their high natural abundance and low toxicity.  
A significant research effort has been paid for the demonstration of 
electroluminescence of Si-nc as well as to the development of both all-silicon and hybrid 
light-emitting-diodes (LEDs) exploiting Si-nc.13-15 However, despite the relatively high 
photoluminescence efficiency of Si-ncs,15,16 electroluminescence efficiencies of Si-LEDs 
have been reported to be significantly lower than those obtained using II-VI 
semiconductors. The quantum efficiency (QE) of Si-ncs based LED is less than 1% as shown 
in Figure 1.2. When the Si nanoparticles were used as a phosphor for blue LED, the 
conversion efficiency is reported to be less than 10%.19 Thus, it is important to improve the 
photoluminescence efficiency of Si-nc. 
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1.3 Approach to improve photoluminescence 
properties of silicon nanocrystals 
1.3.1 Effects of Surface passivation 
The semiconductor nanocrystals are sensitive to the surrounding environment and 
surface reconstructions.20 When some atoms at the surface remain un-passivated, the 
changes in the rate of non-radiative rate are induced, thereby possibly impacting emission 
efficiency. 
1.3.2 Oxide-terminated Si-nc (O: Si-nc) 
Oxide-terminated Si-ncs (O: Si-ncs) are known for its good photochemical stability. 
Oxygen can be form a variety of chemcal bonds with the Si-ncs surface, such as bridging 
oxygen (Si–O–Si),double bonded oxygen in the silanone bond (Si=O), or alkoxy bonds (Si–
Figure 1.2. Si-nc based LED14 and Si-nc phosphor for blue LED.19 
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O–C-) and single bonded oxygen in the silanol (Si–OH). Furthermore, theoretical modeling 
has shown that those chemical bonds of oxygen don’t migrate to the Si-nc core 21. Even 
though the Si=O is not stable22 as shown in Table 1, formation of a Si=O has been predicted 
for Si-ncs in amorphous matrices23. Theoretical simulations also demonstrates that the 
Si=O is extremely impressionable in the water and air 24, while the Si–OH and Si–O–Si 
are expected to be more stable compared with Si=O. Si=O and Si–O–Si are most commonly 
found in Si-ncs grown in thermal oxides, porous Si and Si-ncs oxidized upon exposure to 
air25. Si–OH, interestingly, forms laser fragmentation26 and micro-plasma treatment27 in 
solvent.  
 
1.3.3 Hydrogen-terminated Si-nc (H: Si-nc) 
Hydrogen terminated Si-nc (H: Si-nc) is obtained in various fabrication techniques 
such as the HF etching of the silicon or silica shell, electrochemical etching of Si wafers25, 
and post-etching of oxide-terminated Si-nc.20. Unfortunately, hydrogen31,25,32 exhibits lower 
stability against photo-oxidation. The photochemical stability of particle surface 
essentially is determined by the bond dissociation energy. H-termination is 
photochemically unstable and H: Si-nc is very easier to be oxidized in air ambient. As 
shown in Table 1, this instability is promoted by the defect of nanocrystal surface.    
 
Table 1. Selected dissociation bond energies for Si-ncs and some bonds29,30 
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1.3.4 Carbon-terminated Si-nc (C: Si-nc) 
Carbon-terminated Si-ncs (C: Si-nc) are photochemically stable; it is usually less 
reactive than the Si–F or Si–O bonds29 and have a good resistance to oxidation. However, 
a short organic bonds may react with oxygen 33 and allow oxygen to penetrate the organic 
bonds termination layer and oxidize the surface of the Si-ncs 34. Surface termination of 
particles with longer organic bonds was demonstrated to prevent aggregation of Si-ncs and 
improve their photochemically stability.35 The carbon termination can lead to an 
enhancement of optical properties.28 The electron and hole can recombine at Γ point as 
shown in figure 1.4. 28 Carbon-bonds termination samples can be obtained by UV 
illumination 36 (as shown in Table 1) or heating temperature more than 120℃ in alkenes 
or alkynes (alkylation) or other unsaturated compounds under oxygen and water free 
conditions 29.  Thus, the carbon-linked organic ligands termination is very good approach 
for improving the silicon photoluminescence properties. 
Figure 1.4. Schematic illustration of electronic states in k-space for H, O and C: Si-ncs.28 
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1.4 Application for C: Si-ncs in LEDs  
Many nano-sized materials can be applied to optoelectronic devices, such as LEDs or 
displays, have already been realized based on some typical direct bandgap materials, and 
prototypes advertised by several companies, such as SHARP and Japan Display Inc. but 
these materials usually have higher toxic element (e.g. Cd), may face environmental risks 
with long term use. On the other hand, C: Si-ncs with direct bandgap transitions28 and 
tunable luminescence 28 offer an ideal environmentally friendly and readily available 
substitution for these materials. 
Rescently, Maier-Flaig et al reported an efficient electroluminescent devices using 
luminescent C: Si-nc samples. The luminescent color can be changed from the infrared to the 
orange emission region by monodisperse size-separated nanocrystals. High external QE up 
to 1.1% as well as lower voltages are fabricated for red emitters compared with H:Si-ncs as 
light emitting material (QE: 0.1%).37 
 
1.5 Fabrication approach of Si-ncs. 
Top-down and bottom-up approaches are used for the formation of Si-nc materials. The 
Figure 1.5. H and C: Si-ncs for LEDs application.37 
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bottom-up approach is more advantageous than the top-down approach because the former 
has a better chance of producing nanostructures with less defects, more homogenous 
chemical composition, and better short- and long-range ordering. In a bottom up synthesis 
method, the nanostructures are synthesized onto the substrate by stacking atoms onto each 
other, which gives rise to crystal planes and further crystal planes stacking, resulting in the 
synthesis of the nanostructures. Bottom-up approach can thus be considered as a synthesis 
approach where the building blocks are added onto the substrate to form the nanostructures. 
In a top down synthesis method, the nanostructures are synthesized by etching out crystals 
planes (removing crystal planes) which are already present on the substrate. A top-down 
approach can thus be considered as an approach where the building blocks are removed from 
the substrate to form the nanostructure. 
1.5.1 Bottom up synthesis method (Solution-phase 
synthesis) 
Since in 1992, Heath et al reported a kind of bottom-up approaches using reducing agents 
in the presence of silane targets in solvent, and also for first time to preparing a silicon single 
crystals by liquid-solution-phase technique.38 This technique showed that mixing SiCl4 and 
octyltrichlorosilane under high temperature and pressure fabricated Si-ncs.38 Examples in 
the previous routes, Baldwin et al reported the use of sodium naphthalenide (NaC10H8) as 
the reducing agent and SiCl4 in solvent,39 or sodium as the reducing agent and tetraethyl 
orthosilicate. Li et al reported that very high QE Si-ncs can be obtained by using this 
technique.40  
1.5.2 Top down synthesis method (Chemical etching) 
Technology of Si-nc prepared by electrochemical etching of silicon wafer has been become 
one of the most popular technology. Herein, Canham et al first demonstrated the visible 
luminescent silicon nanostructures by using electrochemical etching in 1991.6 The approach 
for producing colloidal of silicon was reported in 1992 by Heinrich et al.41 Samples of n-type 
Si have been electrochemically etched to synthesis porous silicon and then dispersed into 
organic or water solvents, producing a good luminescent Si particles.  
However, bottom-up or top-down synthesis method to prepare the Si-nc also need two 
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steps, e.g., the formation of nanoparticle and then surface modification (as shown in figure 
1.6.).  Thus, the complicated preparation processing is hard to satisfy a future mass 
production of Si-nc.    
 
1.5.3 Laser ablation in solution  
Laser ablation is conducted in vacuum, gas, or liquids and has been used for the 
preparation of nanoparticle materials. In particular, the use of laser ablation in liquid is 
considered  an easy way to produce a colloidal nanoparticle solution without any 
unnecessary reagent41-44. In this technique, pulsed laser irradiation causes the vaporization 
of the material to be ablated subsequently, nanoparticles are grown. The growth of the 
nanoparticles is complete when the surfactant molecules cover the nanoparticle surface via 
chemical reactions between the ablated material and liquid, thereby resulting in the 
formation of a well-passivated nanoparticle surface. Then, formation of nanoparticle and 
surface passivation can be produced by one step. Thus, as shown in Figure 1.7, the present 
laser ablation in solution can be for simple production process in silicon research compared 
with solution-phase synthesis or chemical etching.   
 Since in 2008, Švrček et al reported that blue-luminescent Si-ncs (see Figure 1.7 (a)) 
can be fabricated by using pulsed laser ablation of bulk Si in water. The prepared Si-ncs 
showed the quantum confinement effect due to their size and are prepared with an 
environmentally compatible process. Moreover, oxide termination around the particle core 
formed during laser processing in water offers the conditions for the confinement of excitons 
that allows for stable blue photoluminescence in water.45 
Figure 1.6. Laser ablation processing for prepared Si-ncs 
 Chapter 1 
- 9 - 
 
 
Shirahata et al reported a quick and simply technology for preparing luminescent 
colloidal Si-ncs with organic monolayers. This technology allows the simultaneous 
achievement of nanocrystal fabrication and subsequent organic surface modification in a 
single step by performing laser ablation of bulk silicon target in an organic solution. Moreover, 
the prepared samples are greatly improved in quantum efficiency compared with the sample 
in water. But unfortunately, as shown in Figure 1.7 (b), the emission color still is blue.46  
Actually, in almost all researches on colloidal Si-nc prepared by laser ablation, however, 
the visible luminescence was only blue in color, because the prepared particle sizes were 
always limited to less than 2 nm. Some works reported possible mechanism for the blue 
emission of Si-nc, as shown in Figure 1.8. One is due to direct recombination at the Γ point 
direct-transition-like, recombination of quantum confined electron–hole pairs 46, 47 or direct-
transition-like recombination via the Si–Si self-trap states. Another one is due to 
recombination via oxygen-related defect states. Furthermore, with conventional laser-
Figure 1.7. Research for luminescent Si-nc prepared by laser ablation in (a) water 45 
and (b) 1-octene, 46 respectively. 
(a) 
(b) 
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ablation technologies, it is difficult to control the size distribution of synthesized Si-ncs and 
obtain samples with a high QE and large-scale mass-production. Therefore, further 
exploration of new fabrication routes is still a challenging issue toward versatile control of 
visible luminescent Si-nc. 
 
1.5.4 Starting material for improving laser ablation  
Some years ago, we reported a new method for preparing blue emitting colloidal Si-nc 
by the laser ablation of a nanostructured Si assembly (PSi) in liquid (1-octene).51 PSi has a 
large surface area and high chemical and physical reactivities.52,53 Thus, we can achieve 
efficient production of colloidal Si-nc by the highly selective laser ablation of PSi instead of 
bulk Si.  
Figure 1.9 shows the plot of the integrated PL intensity IPL  of colloidal Si-nc versus 
the IPL of PSi synthesized at various stain etching times, te = 0–40 min. The inset of Figure 
1.9 shows the PL spectra of colloidal Si-nc and PSi powder for te =0, 12, 30, and 40 min. 
The PL intensity of the PSi powder increases with increasing te, as shown in the inset of 
Figure 1.9. This is because the surface porous layer volume increases with increasing te. 
The PL intensity in the colloidal Si-nc sample also increases with increasing te. As shown 
in Figure 3, the IPL values of the colloidal Si-nc linearly increase with the increase in PSi 
(a) (b) 
Figure 1.8. Schematic illustration of colloidal Si-nc blue emission mechanism. (a) Quantum 
confinement effect and (b) surface defect states effect. 
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powder. This proportionality relationship indicates that the number of colloidal Si-ncs is 
limited by the starting PSi layer volume itself. Of course, almost no colloidal Si-nc can be 
formed by the laser ablation of Si powder without stain-etching (bulk Si powder) under the 
present ablation condition, i.e., the IPL for the sample at te = 40 min is ~30 times larger 
than that for te = 0 min (bulk Si powder). This indicates that the yield of the colloidal Si-nc 
obtained by using the laser ablation of PSi is one order of magnitude higher than the 
ablation of bulk Si. We note that the irradiation needs to generally possess a considerably 
large high power density to result in the formation of colloidal Si-nc from bulk Si, as noted 
in the literature.44 The PL intensity  of colloidal Si-nc samples will decrease with 
decreasing irradiation laser power density, and no colloidal Si can be produced below the 
plasma ablation threshold.  
One possible reason for the high yield of colloidal Si-nc from PSi as observed above is the 
considerably lower thermal conductivity of PSi. The irradiated light is absorbed by Si, and 
Figure 1.9. Integrated PL intensity IPL of colloidal Si-nc versus IPL of PSi powder for various 
etching times te. The dashed curve represents the result of linear fitting. Inset shows the 
PL spectra of the colloidal Si-nc and PSi powder prepared for te = 0 (Bulk Si), 12, 30, and 
40 min. 
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subsequently, Si vaporization occurs as a result of rapid heating by light absorption. 
Subsequently, the Si atoms and/or Si clusters are rapidly cooled at the liquid (1-octene) 
interface, and condensation results in the colloidal Si-nc formation. Because porous materials 
have a lower thermal conductivity as a result of nanostructured geometrical effects,54 local 
heating at the porous layer easily occurs in response to laser irradiation when compared with 
the case of bulk Si, and porous layer is selectively ablated. This may possibly enable easier 
formation of the colloidal Si-nc from PSi than from Si powder without a porous structure at 
a fixed laser power density. The high yield of colloidal Si-nc from PSi may also result form 
its large surface area. Thus, highly porosity of PSi as starting material of laser ablation 
approach is greatly to solve the low preparation of colloidal Si-nc. 
 
1.6 Motivation, objectives and outline 
Comparing with the conventional laser ablation methods fby using bulk Si as a starting 
material, the PSi is a new approach strategy for the fabrication of luminescent colloidal Si-
nc with high production efficiency. However, in almost all researches of colloidal Si-nc 
prepared by laser ablation methods, however, the visible luminescence was only blue in color, 
very difficult efficient to control the emission color and particle size. Moreover, the lower 
quantum efficiency (~6-20%) of prepared colloidal Si-ncs is insufficient for light emitting 
device application.  
In this thesis, we developed a series of improved fabrication techniques for luminescent 
colloidal Si-nc by pulsed laser irradiation of porous silicon (PSi). We realized high yield 
fabrication of luminescent colloidal Si-nc and its luminescence color control via nanoparticle 
size control from orange to red regions. These color changes are attributed to the different 
formation mechanisms of nanoparticles from the porous nanostructures. We also succeeded 
in obtaining more homogeneous size distribution Si-nc samples with higher QE up to ~70% 
by using highly reactive solvent, i.e., HF-contained organic solvent than conventional pulsed 
laser irradiation technique in organic solvent. 
In chapter 2, the preparation of multicolor luminescent colloidal Si-nc’s by chemical 
etching combined with pulsed UV laser irradiation. The target of the UV laser irradiation 
was PSi, which is an assembly of wire-like Si nanostructures with low-efficiency 
luminescence prepared by stain-etching of bulk Si. We found the multicolor luminescent 
colloidal Si-nc is produced by the fragmentation of different-sized Si nanostructures in PSi. 
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In chapter 3, the preparation of chlorine-terminated colloidal Si-ncs (Cl:Si-nc) via the 
laser ablation of porous silicon (PSi) in an organochloride solution. We demonstrated a 
reversible transformation from Cl:Si-nc to carbon-terminated Si-ncs (C:Si-nc) having a higher 
PL quantum efficiency and different size distribution (changing the emission color) by using 
irradiation and lower thermal conductive solvent the colloidal Si-ncs solution with a laser. 
In chapter 4, further improvement of fabrication technique for the orange emittting 
colloidal Si-nc by pulsed UV laser irradaition of PSi in liquid. The pulsed laser irradiation in 
a HF-contained organic solution generates bright luminescent colloidal Si-nc (QE = ~50−70%) 
with a homogeneous size distribution. Furthermore, the preparation yield of the present 
samples is found to be larger than that of the previous orange-emitting ones. We found that 
these improvements are attributed to the promotion of the laser induced fragmentation 
process due to the removal of the oxide layer on PSi surface. 
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Chapter 2  
Bright and multicolor luminescent colloidal Si 
nanocrystals prepared by pulsed laser irradiation in 
liquid 
  
2.1 Introduction  
Colloidal Si nanocrystal (Si-nc), which is nanometer sized (~1–10 nm) crystalline Si 
particle, is known to exhibit a size tunable and efficient visible luminescence at room 
temperature due to the quantum confinement effect.1 Because of its environmental 
friendliness and low cost, colloidal Si-nc is a promising material for future light-emitting 
devices and biomedical applications.2 Various preparation techniques for colloidal Si-nc, 
such as wet-chemical synthesis3 and high-temperature thermal processing,4 have been 
developed. These techniques consist of at least two processes: the formation of 
nanoparticles and passivation of their surfaces. The latter process is necessary because 
various surface states strongly affect luminescence properties such as the luminescence 
efficiency and color.5 
Pulsed laser irradiation in liquid is a simple top-down method for preparing colloidal 
Si-nc.6–8 By irradiating bulk Si crystal with a high power-density pulsed laser light, 
nanoparticles can be generated from the ablation and/or fragmentation of Si crystal. Their 
surfaces are simultaneously passivated by chemical reactions at the liquid/nanoparticle 
interface.8 Because of the method’s simplicity, however it is difficult to control the size of 
the Si nanoparticles. Furthermore, the size distribution is usually very wide.6 Thus, the 
nanoparticles need to be separated into various sizes after their preparation to obtain the 
required emission color.9 
In this work, we report on the preparation of bright and multicolor luminescent 
colloidal Si-nc’s by chemical etching combined with pulsed UV laser irradiation. The target 
of the UV laser irradiation was porous Si (PSi), which is an assembly of wire-like Si 
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nanostructures with low-efficiency luminescence prepared by stain-etching of bulk Si. By 
changing the stain-etchant composition and, as a result, the size of nanostructures in PSi, 
the emission color of colloidal Si-nc can be varied and its luminescence efficiency is strongly 
enhanced compared to virgin PSi samples. Multicolor luminescent colloidal Si-nc is thought 
to be produced by the fragmentation of different-sized Si nanostructures in PSi. The bright 
luminescence can be attributed to the enhanced radiative decay rate and suppressed 
surface defects due to organic passivation. 
2.2 Experimental section 
2.2.1 Preparation of PSi powder 
PSi was prepared by stain-etching of metallurgical grade polycrystalline Si powder.10 
The etching was performed in an aqueous HF/HNO3 solution. To obtain PSi samples with 
different porosities, the HNO3 concentration was changed from 3 to 5 vol. %, while the HF 
concentration was fixed to 20 vol. %. The etching time was 40 min. After etching, the PSi 
powders were collected by filtering of the etching solution and dried under ambient 
conditions for 24 h. Figure 2.1(a) shows the two different PSi powders prepared by etching 
in low (3 vol. %) and high HNO3 (5 vol. %) concentration solutions. Both the PSi powders 
exhibited red luminescence upon UV-light excitation. The emission color of the powder 
prepared at the low HNO3 concentration was darker than that at the high concentration, 
which indicates that these two PSi samples had different porosities.10 
2.2.2 Preparation of colloidal Si-nc 
For the preparing of the colloidal Si-nc samples, 100 mg of PSi powder was first 
dispersed in an organic solvent (1-octene) with a quartz cuvette. Second, pulsed UV laser 
light was irradiated at 266 nm from a Q-switched Nd:YAG laser (Continuum) with a pulse 
duration of 5 ns and repetition of 15 Hz for 3 h. During laser irradiation, the PSi/1-octene 
solution was constantly stirred by a magnetic stirrer. The laser light was irradiated into 
the PSi dispersed solution through the lens at a focal length of 120 mm. The distance 
between the lens and the front of the cuvette was set to 180 mm. The laser fluence was 
~0.5 J/cm2. After laser irradiation, the supernatant part of liquid was filtered by 
centrifugation at 13 000 rpm for 20 min with a membrane filter having a pore size of ~200 
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nm. By using the two different PSi samples prepared at different HNO3 concentrations, we 
obtained two colloidal dispersion samples. Under UV illumination, each solution exhibited 
bright photoluminescence (PL) with different colors: orange and red for the colloidal 
dispersion samples obtained from the PSi etched at the low and high HNO3 concentrations, 
respectively [lower part of Fig. 2.1(a)]. We also confirmed that colloidal solution can be 
obtained with laser irradiation even for 1 h and its density gradually increases with 
increasing irradiation time.  
2.2.3 Analytical technique 
The prepared colloids were characterized by using transmission electron microscope 
(TEM) (JEOL, TEM-2010). The surface chemistry of the colloids was monitored by using a 
Fourier-transform infrared (FTIR) spectrometer (Thermo Scientific, Nicolet iS50). The PL 
was measured by using a single monochromator equipped with a chargecoupled device 
(Princeton Instruments, PIXIS 100B). A He–Cd laser (Kimmon, IK3302R-E) was used as 
the excitation light source. The PL excitation (PLE) was measured by using a fluorescence 
Figure 2.1. (a) Photographs of PSi (upper panels) and colloidal Si-nc (lower panels) dispersed 
in trichloroethylene (PSi) and 1-octene (colloidal Si-nc) under UV light illumination. The 
left and right panels show the samples prepared at high (5 vol. %) and low HNO3 (3 vol. %) 
concentrations. (b) TEM image of colloidal Si-nc. The inset shows the high-resolution TEM 
image of a Si-nc. 
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spectrometer (Hitachi, F-4500). PL decay curves were measured by using a frequency-
tripled 355-nm light pulse from a Nd:YAG laser (Teemphotonics, STV-01E). The decay data 
at the microsecond scale were recorded by using a Peltier-device-cooled photomultiplier 
tube (Hamamatsu, R375) and multichannel scaler (Stanford Research, SR430). At the 
nanosecond scale, the data were detected by using a time-correlated single-photon counting 
module (Becker & Hickl, SPC-130EM) and single-photon avalanche photodiode (Micro 
Photon Device, SPD-050). Optical measurements were performed on samples in a quartz 
cuvette at room temperature. 
2.3 Results and discussion 
Figure 2.1(b) shows the TEM image of a colloidal sample deposited on a copper grid 
mesh. Spherical nanoparticles with a diameter of 2–5nm were observed. The high 
resolution TEM image in the inset of Fig. 2.1(b) reveals that the nanoparticle had lattice 
spacings of ~0.19 and 0.16 nm [Si (220) and (311) planes]. Thus, the synthesized colloidal 
particles are understood to be nanocrystalline Si. 
FTIR measurements of the colloidal samples showed absorption peaks characterized 
by the bonding between silicon atoms and hydrocarbon chains such as Si–CH3 at 1270 cm–
1 and 850 cm–1 and Si–C at 677 cm–1. This indicates that colloidal Si-nc is passivated by 
Figure 2.2. PL spectra of PSi (dashed curves) and colloidal Si-nc (solid curves) prepared 
at different HNO3 concentrations. 
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alkyl groups. An absorption peak related to the Si–O–Si bridge bond at 1000–1200 cm–1was 
also observed. This suggests that part of the surface area should be oxidized. However, 
because the solubility of our colloidal particles in polar solvents such as ethanol and water 
was very poor, the colloidal Si-nc surface is thought to be considerably covered with Si–C 
bonds.11 
Figure 2.2 shows the PL spectra of PSi and colloidal Si-nc samples at low (3 vol.%) and 
high (5 vol.%) HNO3 concentrations. The peak energy of PSi was clearly higher at 5 vol.% 
(~1.8 eV) than at 3 vol.% (~1.7 eV). Furthermore, as shown in Table I, the PSi sample at 5 
vol. % had a higher PL efficiency. These features were due to the higher porosity of the PSi 
sample stain-etched at 5 vol.%. Because the porous layer in the PSi samples consists of the 
interconnected wire-like crystalline nanostructure network,12 the higher porosity/ larger 
pore size indicates the presence of smaller sized/narrower wire dimensions. As a result, the 
bandgap energy and radiative recombination rate are higher because of the strong 
quantum confinement effects,13 in the 5 vol.% stain-etched PSi sample. Delerue et al.14 
calculated the bandgap energy for PSi as a function of the width (diameter) of cylindrical 
Si wire. From these calculated results and our measured PL peak energies, the diameters 
of the wire nanostructures for the PSi samples stain-etched at 3 and 5 vol.% are estimated 
to be 2.71 and 2.52 nm, respectively (Table I).  
 
As similar to PSi samples, the PL peak energy was higher for the colloidal Si-nc 
generated from the PSi stain etched at 5 vol.% than at 3 vol. %. This indicates that the 
diameter of spherical nanocrystalline particles decreases as the HNO3 concentration 
Table I. Properties of PSi and colloidal Si-nc. 
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increases. In the literature,14 the bandgap energy versus diameter has also been calculated 
for spherical nanocrystalline Si. By comparing these calculated results with our observed 
PL peak energies, we can estimate the diameter of colloidal Si-nc to be 2.74 and 2.65 nm 
for samples with stain-etching at 3 and 5 vol. %, respectively. These diameter values agree 
quite well with those of the PSi samples, which suggest that laser irradiation of PSi with 
a particular size distribution causes the formation of colloidal Si-nc with an analogous size 
distribution. In fact, the PL spectral width of each colloidal Si-nc sample, which reflects 
the homogeneity of nanocrystalline size, was similar to that of the relevant PSi sample 
(Table I). 
A possible mechanism for the formation of the present colloidal Si-nc is the ablation of 
the porous layer by laser irradiation, similar to that for blue-emitting colloidal Si-nc:15 The 
irradiated light is efficiently absorbed by the PSi layer. Due to the local heating effects, the 
Si is then ejected in atomic and/or cluster form. The ejected Si species condense at the 
interface with the liquid to form nanoparticles. For this laser ablation mechanism, the 
nanoparticle size distribution is expected to be broad and can be determined as a kind of 
ablated material and liquid.16 In other words, the size and shape of the ablated material 
do not affect the nanoparticle size distribution. In the present case, the size distribution of 
colloidal Si-nc surely reflects the size of the starting PSi material. Because of this, such a 
laser ablation mechanism should be excluded here. Another possible mechanism for the 
formation of the colloidal Si-nc is the pulsed laser-induced fragmentation of porous layer. 
The pulsed laser-induced shock waves can cause the fragmentation of interconnected wire 
nanostructures of PSi.17 This can produce nanoparticles having nearly the same diameter 
as the nanowire width. With this mechanism, the nearly identical size distributions/PL 
peak energy and spectral width of the PSi and colloidal Si-nc can beexplained without a 
problem. 
Another possible mechanism for the formation of the colloidal Si-nc is the pulsed laser-
induced fragmentation of porous layer. The pulsed laser-induced shock waves can cause 
the fragmentation of interconnected wire nanostructures of PSi.17 This can produce 
nanoparticles having nearly the same diameter as the nanowire width. With this 
mechanism, the nearly identical size distributions/PL peak energy and spectral width of 
the PSi and colloidal Si-nc can be explained without a problem. 
A surface passivation process is necessary to obtain efficient luminous materials 
including Si-nc.5 In the laser ablation process used to synthesize blue-emitting Si-nc in an 
organic solvent (1-octene),9 the dangling bonds on the Si-nc surface are passivated with 
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organic species via a chemical reaction with unsaturated hydrocarbon chains in the solvent. 
On the other hand, the possible surface passivation considered here is photochemical 
hydrosilylation assisted by UV light. The surface of hydrogen-terminated Si is known to 
react with unsaturated organic compounds such as 1-octene under UV (<350 nm) light 
illumination at room temperature.18 As a result of this reaction, a homolytic cleavage of Si–
H bonds occurs. Subsequently, a hydrocarbon monolayer is formed and bonds to the Si 
surface (hydrosilylation). In the present case, only the UV laser irradiation at 266 nm 
generated luminescent nanoparticles. Thus, photochemical hydrosilylation occurred 
simultaneous to the fragmentation of PSi. This type of hybrid effect has never been 
reported. 
In Table I, the PL quantum efficiencies of colloidal Si-nc (20%–23%) were much higher 
than those of PSi (1%–3%). A possible reason for this is the enhancement of the radiative 
recombination rate due to the change in the surface bonding species from hydrogen to 
carbon, as reported in the literature.11,19,20 Another reason may be the suppression of 
nonradiative recombination channels caused by the decreased surface defects and dangling 
bonds. This is supported by the fact that the dissociation energy of Si–C bond (3.83 eV) is 
higher than that of Si–H bond (3.32 eV); thus, the former case promises a highly stable 
surface.5 In fact, the present colloidal Si-nc sample exhibits relatively high durability, 
confirmed by no large change in the PL quantum efficiency (~23%) measured before and 
after aging several months. 
Figure 2.3(a) shows the PL decay curves of PSi and colloidal Si-nc samples (5 vol%) 
measured at the microsecond scale. Because the colloidal Si-nc sample has a nanosecond 
decay component, we also measured the decay curve of this sample at the nanosecond scale 
and plotted these data. The inset of Fig. 2.3(a) shows the PL decay curves of the colloidal 
Si-nc on a log –log scale. Integrating the decay curve data in Fig. 2.3(a), we obtained the 
PL intensities for the slow (Islow) and fast (Ifast) decay components of the colloidal Si-nc 
sample. The intensity ratio between the fast and slow decay components (Islow / Ifast) was 
~16. Thus, the PL intensity of the colloidal Si-nc was mainly due to the slow decay 
component. It should be noted that the organically capped Si-nc samples usually exhibit 
PL decay time at the “nanosecond” scale.11 The reason for our slower decay component at 
the microsecond scale may come from shorter organic passivation time (~3 h) compared 
with about 3 months.11Mastronardi et al.21 also observed PL decay times in the microsecond 
scale for samples organic-passivated for 14 h.  
Figure 2.3(b) shows the recombination rates estimated from the fitting of the PL decay 
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curves in Fig. 2.3(a). The recombination rate of the fast decay component for the colloidal 
Si-nc was almost independent of the emission energy, while the rate of the slow component 
increased with the emission energy. The recombination rate of the PSi decreased with the 
emission energy, similar to the colloidal Si-nc, but over a limited energy range (>1.8 eV). 
At the lower energy side (<1.8 eV), an increase in the decay rate was observed. This was 
probably due to the increased non-radiative recombination rates.22 The recombination rate 
of PSi was also high compared with that of the slow-component colloidal Si value. 
Figure 2.3. (a) PL decay curve of PSi measured in the microsecond region and those 
of colloidal Si-nc in the nanosecond and microsecond regions at 1.9 eV. The inset shows 
the decay curves of colloidal Si-nc up to millisecond range. (b) Recombination rates as 
a function of the emission energy for PSi and colloidal Si-nc. 
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The recombination rate of band-to-band transitions in quantum confined Si-nc is on 
the order of 104–106 s–1, but in a particular case of organic passivated Si-nc, much larger 
values of up to ~109 s–1 were reported.20 Note that the rate increases with decreasing 
nanocrystalline size due to the quantum confinement effect. On the other hand, the 
radiative recombination rate at defect and/or surface states is larger (~109 s–1) than that 
of the band-to-band transition and is independent of the emission energy.23 Thus, the fast 
decay component in the colloidal Si-nc is connected with such defect and/or surface states, 
while the slow decay component is considered to originate from the band-to-band transition. 
The radiative wr and non-radiative recombination rates (wnr) can be estimated from 
the measured decay rate w by using the relations η= wr/( wr + wnr) and w= wr + wnr, where 
η is the PL quantum efficiency. The estimated recombination radiative rates wr at 1.92 eV 
were 2 x 105 and 3 x 104 s–1 for colloidal Si-nc and PSi, respectively, which indicates that 
its value was enhanced when the surface termination chemical species was changed from 
hydrogen (PSi) to carbon (colloidal Si-nc). In fact, the theoretical calculation by Poddubny 
and Dohnalov`a24 showed an increase in the radiative rate from ~104 s–1 to ~105 s–1 when 
the chemical species was changed from atomic hydrogen to carbon on the Si-nc surface. 
Note that the estimated non-radiative recombination rate wnr of colloidal Si-nc (8 x 105 s–1) 
was smaller than that of PSi (3 x 106 s–1). This supports our conjecture that the non-
radiative recombination center is passivated by the strongly bonded organic species with 
Si atoms (Si–CHn).  
Figure2.4 shows the PL and PLE spectra of PSi and colloidal Si-nc at 5 vol.%. The PLE 
intensity of the PSi sample continuously increased with the photon energy and showed no 
clear peak. This PLE spectral feature indicates that the hydrogen-terminated PSi has a 
bulk-like indirect bandgap electronic structure.25 However, interestingly, the PLE 
spectrum of colloidal Si exhibited a clear peak at ~4.4 eV. Furthermore, the PLE intensity 
of the colloidal Si-nc at the absorption edge (~3 eV) is higher than that of PSi. These 
differences suggest that the electronic band structure in the latter sample is modified by 
the organic passivation of Si–CHn. In fact, Poddubny and Dohnalov`a’s calculation24 
showed that the electron density of states of the conduction band at the point strongly 
increases due to the carbon termination of Si-nc. As a result, the direct optical transition 
rates at the higher lying bandgap states (3.5–4.5 eV) are strongly enhanced. The PLE peak 
energy observed in this study (~4.4 eV) is in reasonably agreement with their calculation 
results. Thus, the absorption peak at ~4.4 eV is considered to be due to such an enhanced 
electronic density of state at the  point by the organic Si–CHn formation. 
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In conclusion, we reported a simple route to produce bright and multicolor luminescent 
colloidal Si-nc. The colloidal Si-nc was produced by pulsed UV laser irradiation of PSi in 
an organic solvent (1-octene). The emission color of the colloidal Si-nc’s reflected that of PSi, 
which indicates that colloidal Si-nc has a size distribution analogous to that of the starting 
PSi. Furthermore, the PL quantum efficiencies of the colloidal Si-nc were much larger than 
those of Psi samples. This enhancement in the PL quantum efficiencies was attributed to 
an organic passivation. The formation of the colloidal Si-nc was caused by the 
fragmentation of the PSi nanostructures. The organic passivation simultaneously occurred 
via UV light-induced hydrosilylation. The present simple preparation method and 
Figure 2.4. PL and PLE spectra of PSi (dashed curves) and colloidal Si-nc (solid curves). 
The detection energies of the PLE spectra were 1.8 eV (PSi) and 2.0 eV (colloidal Si-nc). 
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emission-color tenability will allow us to develop a top-down and low-cost mass production 
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2.6 Supporting Information 
 Figure S1 FTIR spectra of the colloidal Si-nc samples prepared in the 1-decene solution. 
Figure S2 Small Angle X-ray Scattering（SAXS）spectra of the colloidal Si-nc samples 
prepared at high (5 vol.%) (Red curves) and low HNO3 (3 vol.%) (Black curves) 
concentrations, respectively. 
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Chapter 3  
Luminescence color control and quantum-efficiency 
enhancement of colloidal Si nanocrystals by pulsed laser 
irradiation in liquid 
  
3.1 Introduction  
Si nanocrystals (Si-ncs) are ~1–10 nm in size and exhibit size-tunable luminescence at 
room temperature owing to quantum-confinement effects.1 The luminescence properties of 
Si-ncs are sensitive to the surface termination.2–4 This is because of the substantially 
increased surface-to-volume ratio in a decreased crystallite-size sample, which strongly 
influences the degree of interaction between the photo excited carries and surface states. 
Moreover, in the case of colloidal Si-ncs, dispersibility in a solvent is usually determined 
by the terminated chemical species. 
Various kinds of surface termination, such as hydrogen5 and carbon (organic molecule) 
termination,6–10 have been performed on colloidal Si-nc surfaces. In principle, various 
organic molecules (mainly the derivatives of alkenes chains) can be grafted to the surface 
of Si-ncs. The carbon termination was reported to be less reactive than the termination of 
other chemical species (e.g., hydrogen, oxygen, and fluorine11). The organic-capped Si-ncs 
also showed good resistance to surface oxidation5. Moreover, the surface capping with 
longer organic ligands prevented the aggregation of nanocrystals and improved their long-
term stability.12, 13 The carbon termination also changed the material properties of the Si-
ncs (e.g., direct-bandgap transitions were observed because of the enhanced 
photoluminescence (PL) efficiency13–15). 
Halogen termination can be used for the improvement of the luminescence properties 
of compound semiconductors (e.g., CdS) nanocrystals by passivating undesirable surface 
states.16 Moreover, halogen termination provides several benefits. For example, different 
halogen (Cl) termination allows the Si nanocrystal shapes to be changed, and the higher 
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reactivity of the halogen-terminated surface facilitates the subsequent functionalization of 
these nanocrystals with other organic groups.5 However, there have been few reports on 
halogen-terminated colloidal Si-ncs. 
Plasma17–19 and chemical solution-based syntheses19–20 are popular bottom-up 
preparation methods for colloidal Si-ncs. These techniques provide better control of the size 
and shape,5, 16 high-yields5, and easy surface modification.11, 12 On the other hand, chemical 
etching is a typical top-down preparation method for colloidal Si-ncs.21 With this technique, 
subsequent surface-modification treatment is needed to remove the terminated hydrogen 
atoms. This is because the surface of Si-ncs prepared by this method is usually terminated 
by hydrogen atoms. Pulsed laser irradiation of the sample surfaces under liquid is a simple 
top-down preparation method for colloidal Si-ncs.22–24 Here, the surface termination of Si-
nc can be changed by using various kinds of liquids (solvents). Blue-emitting colloidal Si-
ncs were synthesized via the laser ablation of bulk Si in water.22 Additionally, alkyl-
passivated colloidal Si-ncs were prepared using an organic solution and shown to emit blue 
light with a relatively high PL quantum efficiency (~10%).24 Furthermore, it has been 
demonstrated that the femtosecond laser ablation method in solution can efficiently 
produce colloidal Si-ncs.25, 26 However, with conventional laser-irradiation methods, it is 
difficult to control the size distribution of synthesized Si-ncs and obtain samples with a 
high quantum efficiency. 
In this study, we prepare chlorine-passivated colloidal Si-ncs (Cl:Si-ncs) via the laser 
ablation of porous silicon (PSi) in an organochloride solution. A reversible transformation 
from Cl:Si-ncs to carbon-terminated Si-ncs (C:Si-ncs) having a higher PL quantum 
efficiency and different size distribution (changing the emission color) is achieved by 
irradiating the colloidal Si-nc solution with a laser. The optical properties of the prepared 
Cl:Si-nc and C:Si-nc samples are investigated in detail by absorption, PL, PL excitation 
(PLE), and time-resolved PL measurements. 
 
3.2 Experimental section 
3.2.1 Preparation of PSi powder 
The colloidal Si-nc samples were prepared by pulsed laser ablation in liquid. The PSi 
samples were used as a target for the laser ablation because they had a large surface area 
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and high chemical and physical reactivities.27, 28 Thus, a high preparation yield of colloids 
was expected21. The PSi samples were prepared via the stain-etching of Si powder:29 First, 
commercially available metallurgical-grade polycrystalline Si powder (Vesta Ceramics) 
was immersed in an etching mixture containing HNO3 (60 wt%) and HF (46 wt%) solutions. 
Its composition was HF:H2O:HNO3 = 4:1:20 by volume. Etching was performed for 30 min. 
Then, the synthesized PSi powder was collected by filtering the etching solution and dried 
in ambient conditions for 24 h. 
 
3.2.2 Preparation of colloidal Si-nc 
To prepare colloidal samples, 100 mg of PSi powder was dispersed in 3 mL of an organic 
solvent. We used trichloroethylene as the solvent to obtain Cl:Si-ncs. Then, the sample was 
irradiated by pulsed laser light (wavelength of 532 nm, pulse duration of 5 ns, and 
repetition rate of 15 Hz) from the second harmonic of a Q-switched Nd:YAG laser 
Figure 3.1. Photographs of colloidal Cl:Si-ncs prepared from PSi in trichloroethylene and 
C:Si-ncs prepared from Cl:Si-ncs in 1-octene. The samples were dispersed in 
trichloroethylene (Cl:Si-ncs) and 1-octene (C:Si-ncs) and observed under (a) white- and (b) 
UV-light illuminations. (c) TEM image of Cl:Si-ncs. The inset shows a high-resolution TEM 
image of a Cl:Si-nc. (d) FFT pattern of the TEM image for the Cl:Si-nc shown in the inset 
of (c). 
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(Continuum) for 6 h. During the laser irradiation, the PSi-contained trichloroethylene 
solution was constantly stirred by a magnetic stirrer. The laser pulse fluence was ~0.4 
J/cm2. After the laser irradiation, the liquid supernatant was separated by centrifugation 
at 13,000 rpm for 20 min using a membrane filter having a pore size of ~200 nm. This 
process yielded a yellowish colloidal (Cl:Si-nc) solution, as shown in the left part of figure 
3.1(a). Under ultraviolet (UV) laser light (325 nm) illumination, the solution exhibited 
white emission (the left part of figure 3.1(b)) 
Pulsed laser irradiation was also performed on an obtained colloidal sample dispersed 
in a different organic solution. Initially, the colloidal solution (trichloroethylene) with a 
volume of 5 mL was completely dried in air for a week at room temperature, and then 5 
mL of 1-octene of was added to replace the solvent. Next, the colloidal sample solution (1-
octene) was irradiated by a 266-nm pulsed laser light from a Q-switched Nd: YAG laser 
(pulse duration of 5 ns, repetition rate of 15 Hz, fourth harmonic) at ~0.2 J/cm2 for 6 h. 
After the UV irradiation, the emission color of the colloidal solution had changed from 
white to blue, as shown in figure 3.1(b). We also determined whether undesirable 
byproducts such as carbon nanoparticles were generated by the pulsed laser irradiation at 
532 or 266 nm in the solvent (trichloroethylene or 1-octene) without target material(s). 
Carbon-related byproducts can exhibit PL emission in a blue region. However, we observed 
no PL emission from the irradiated solvent alone, indicating that carbon-related 
byproducts were not the origin of the blue emission. 
 
3.2.3 Analytical technique 
The structural properties of the prepared colloidal samples were analyzed using a 
transmission electron microscope (TEM-300F, JEOL). The surface chemistry of the 
samples was investigated using a Fourier-transform infrared (FTIR) spectrometer (iS50, 
Nicolet). PL measurements were performed using a single monochromator equipped with 
a charge-coupled device (Princeton Instruments, PIXIS 100). The fourth harmonic (266 nm) 
of a Nd:YAG laser (Continuum) with a pulse duration of 5 ns at a repetition rate of 15 Hz 
was used as an excitation light source. PLE measurements were performed using a 
fluorescence spectrometer (Hitachi, F-4500). Time-resolved PL measurements were 
performed using a frequency-tripled 355-nm light pulse (pulse width of 300 ps) from a 
Nd:YAG laser (third harmonic, STV-01E, TEEM Photonics) as an excitation source. The PL 
data were recorded using a time-correlated single-photon counting module (SPC-130EM, 
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Becker & Hickl) and a single-photon avalanche photodiode (SPD-050, Micro Photon 
Devices). The PL relative quantum efficiency was measured using a He-Cd laser (325 nm, 
Kinmon) or a diode laser (405 nm, Toptica Photonics) as an excitation source, a single 
monochromator equipped with a charge-coupled device (Princeton Instruments) as a 
detector, and K2SiF6:Mn4+ or courmarin 314 excited at 325 and 405 nm, respectively, as 
standards for the PL quantum efficiency.30,31 Optical measurements were performed on the 
samples in a quartz cuvette at room temperature. 
 
3.3 Results and discussion 
Figure 3.1(c) shows an transmission electron microscopy (TEM) image of the as-
prepared sample, which exhibits white-light emission (left part of figure 1(b)). Well-
monodispersed particles several nanometers in size are clearly observed. The inset shows 
a high-resolution TEM (HRTEM) image of a spherical nanoparticle with a diameter of ~7 
nm. The corresponding fast Fourier transform (FFT) diffraction pattern of the HRTEM 
image is shown in figure 1(d) and indicates lattice spacings of 1.9 and 1.2 Å for the Si (220) 
and (311) planes, respectively. Thus, the colloidal particles prepared by the pulsed laser 
irradiation of PSi had a nanocrystalline morphology. We also confirmed that the colloidal 
particles prepared by the post-laser irradiation emitted blue light (right side of figure 1(b)) 
and were single-crystalline, with a size distribution clearly different from that of particles 
prepared without post-laser irradiation (see figure 3(c) below). 
Figure 3.2 shows the FTIR spectra of (a) an as-prepared white-emitting colloidal 
sample and (b) a post-laser irradiated blue-emitting colloidal sample. The absorption peaks 
at 527 and 586 cm−1 for the as-prepared sample correspond to the vibration modes of the 
Si–Cl bond.32 The present observations suggest that the as-prepared sample was comprised 
of Cl:Si-ncs. However, other absorption peaks arising from the carbon-related modes, such 
as the Si–C and Si-CH3 modes, are also observed. On the other hand, the C:Si-nc sample 
prepared with post-laser irradiation (figure 3.2(b)) exhibited FTIR peaks originating from 
the bonds between Si and carbon-related species at 1,470 cm–1 (Si–CH3) and 795 cm–1 (Si–
C).15 This indicates that the post-laser-irradiated colloidal sample (C:Si-nc) was passivated 
by alkyl groups. In addition, the (Si–O–Si)-related absorption peaks observed at 1,000–
1,200 cm–1 (Ref. 15) in both samples suggest that the surfaces of the samples were partly 
oxidized by the laser-irradiation processes in the organic solvents. The Cl:Si-nc sample had 
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an inhomogeneous surface-passivation layer because of the numerous surface defects and 
different termination species, such as chlorine, carbon, and oxygen.  
Figure 3.3(a) shows the PL spectra of the as-prepared (Cl:Si-nc) and post-laser-
irradiated (C:Si-nc) samples. The PL peak energies of the C:Si-nc and Cl:Si-nc samples are 
~3.3 and ~2.5 eV, respectively. Furthermore, the PL emission for the Cl:Si-nc sample covers 
the entire visible region (350-700 nm), while the PL spectrum for C:Si-nc is limited to the 
blue-UV region (300-500 nm). These differences in the PL spectral features correspond to 
the different emission colors, i.e., white and blue, as shown in figure 3.1(b). The emission 
intensity for the Cl:Si-nc sample is weaker than that for the C:Si-nc sample. The C:Si-nc 
sample was irradiated again by intense pulsed UV laser light of ~0.2 J/cm2 at 266 nm in 
trichloroethylene for 6 h. Interestingly, its PL spectrum almost returned from blue to white 
(red dashed curve in figure 3(a). The PL quantum efficiencies of the Cl:Si-nc and C:Si-nc 
samples were~7% and~13% excited at 405 and 355 nm, respectively. The PL quantum 
efficiency of the twice post-laser-irradiated sample (red dashed curve in figure 3(a)) was 
almost the same (~6%) as that of the as-prepared (Cl:Si-nc) sample. FTIR measurements 
confirm that the sample that was post-laser irradiated twice had a chlorine-passivated 
surface, matching the original colloidal sample surface (i.e., Cl:Si-nc). 
Figure 3.2. FTIR spectra of the colloidal (a) Cl:Si-ncs prepared from PSi in 
trichloroethylene and (b) C:Si-ncs prepared from Cl:Si-ncs in 1-octene. The FTIR 
frequencies are obtained from the literature.15,28
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Figure 3.3. PL spectra of colloidal Cl:Si-nc and C:Si-nc solutions (see figure 1(a)). Size-
distribution histograms of the colloidal (b) Cl:Si-ncs, (c) C:Si-ncs, and (d) Cl:Si-ncs formed 
by laser-ablating C:Si-nc samples in trichloroethylene. The red dashed curve in (a) 
represents the PL spectrum of the Cl:Si-nc sample of (d).
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One possible reason for the change in the PL peak energy from 2.5 to 3.3 eV and vice 
versa observed after the second laser irradiation is the decrease or increase of the colloidal 
Si-nc sizes due to the first or second post-processing, respectively. This is because the PL 
peak energy of Si-nc depends on its diameter owing to the quantum-confinement effect.22, 
33 To confirm this, we examined the size distribution of the different colloidal Si-nc samples 
according to the TEM images. The results are shown in figures 3.3(b)–3.3(d). Here, we 
observe that the size distribution clearly changed before and after the first or second post-
laser irradiation. These statistical data provide the results of Dmean ≈ 7.5 nm (Cl:Si-ncs; 
figure 3.3(b)), 3.1 nm (C:Si-ncs; figure 3.3(c)), and 5.8 nm (second post-laser-irradiated 
Cl:Si-ncs; figure 3.3(d)). Surprisingly, the second post-laser-irradiated Cl:Si-nc sample had 
a Dmean of 5.8 nm, which is clearly larger than that of the first post-laser-irradiated C:Si-nc 
sample (3.1 nm). Thus, there is a clear correlation between the experimental PL peak 
energies and the colloidal Si-nc sizes observed in figure 3.3: lager colloidal Si-ncs yield a 
lower PL peak energy, which agrees with the quantum-confinement theory. 
An interesting feature in figure 3.3 is that the size distribution strongly depends on 
the post-laser irradiation processing in different solvents—1-octene (figure 3.3(c)) and 
trichloroethylene (figure 3.3(d))—despite the same irradiation laser wavelength and power 
of 266 nm and ~0.2 J/cm2, respectively. The present result indicates that the Si-nc size 
distribution is mainly determined by the organic solvent used (1-octene or 
trichloroethylene). In the literature,34 the size of Ge nanoparticles prepared by laser 
ablation in n-octane was larger than that for 1-octene. This result was explained by the 
fact that n-octane has a lower reactivity with the Ge nanoparticle surface than 1-octene. 
Our observed laser-ablated Si-nc size difference between in trichloroethylene and 1-octene 
can also be explained by the different reactivity of these solvents with Si nanoparticle 
surfaces. The details are as follows. First, Si particles dispersed in an organic solvent are 
ablated by the pulsed laser irradiation, and then each ablated Si atom re-condenses to form 
Si nanoparticles. Simultaneously, the surface should be terminated by a chemical species 
in the solvent. The resultant encapsulation tends to the inhibit further condensation of Si 
nanoparticles. In the case of trichloroethylene, which has a lower reactivity than 1-octene, 
Si surface passivation occurs more slowly (or in the later stage of ablation), resulting in 
larger nanoparticles, regardless of whether the starting material is PSi (figure 3.3(b) or 
C:Si-nc (figure 3.3(d)). Thus, the present results indicate that the ablated nanoparticle size 
can be determined only by the kind of the solvent, i.e., the reactivity of the solvent in the 
ablation process, as confirmed by the Ge nanoparticle size difference between in 1-octene 
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and n-octane.34 The average size of the twice post-laser-irradiated sample (~5.8 nm) is 
smaller than that of the original Cl:Si-ncs (~7.5 nm), as indicated by figures 3.3(b) and 
3.3(d). This is probably due to the lower concentration of available Si in trichloroethylene, 
which suppressed the nanoparticle growth. 
The PL quantum efficiency of ~7% excited at 405 nm for the colloidal Cl:Si-nc samples 
prepared in trichloroethylene (figures 3.3(b) and 3.3(d)) is considerably lower than that for 
the sample prepared in 1-octene (~13% excited at 325 nm; figure 3.3(c)). Therefore, we 
expect insufficient (or incomplete) surface passivation by the chlorine termination formed 
in the trichloroethylene solvent due to its lower reactivity with the Si-nc surface. Many 
surface defects and, consequently, many surface states should be produced on the chlorine-
terminated Si-nc surfaces. As discussed later (figure 3.7), this results in increased non-
radiative recombination rates and thus decreased PL quantum efficiencies. 
 
Figure 3.4. PL and absorbance spectra of the post-laser irradiation-prepared C:Si-nc 
sample in 1-octene (blue curves) and C:Si-ncs directly prepared by the laser ablation of PSi 
in 1-octene (green curves). The absorbance spectrum of Cl:Si-ncs prepared from PSi in 
trichloroethylene is also plotted (black dashed curve).
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Figure 3.4 shows the PL and absorbance spectra of the C:Si-nc sample. For comparison, 
those of the colloidal carbon-passivated Si-nc sample, which was directly prepared by laser 
ablating PSi in 1-octene (directly-prepared C:Si-ncs),33 are also shown. The directly 
Figure 3.5. PLE spectra of (a) the Cl:Si-nc sample prepared from PSi in trichloroethylene 
and (b) the C:Si-nc sample prepared from Cl:Si-nc in 1-octene, measured at various 
emission energies (Eem), together with their PL spectra measured by excitation at 266 nm 
(~4.7 eV).
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prepared C:Si-ncs and Cl:Si-ncs samples were both prepared with the same amount of 
starting material (100 mg of PSi). These carbon-terminated samples exhibit the essentially 
same PL spectra and PL quantum efficiencies (13–15%). However, the absorbance of ~0.6 
for the C:Si-ncs at 325 nm is larger than the value of ~0.2 for the directly-prepared C:Si-
ncs. The results indicate that the preparation yield of the C:Si-ncs was higher than that of 
the directly-prepared C:Si-ncs. (The absorbance is proportional to the colloidal nanoparticle 
light-absorber density.) Furthermore, as shown in the figure, the absorbance of the Cl:Si-
ncs is higher than that of the directly-prepared C:Si-ncs, indicating that the preparation 
yield of C l:Si-ncs was also higher. 
 
The difference in the preparation yields between the Cl:Si-nc and directly-prepared 
C:Si-nc samples may reflect the different ablation efficiencies between trichloroethylene 
and 1-octene. The laser-ablation efficiency is mainly determined by the heat generated by 
laser irradiation. The degree of heat generation depends not only on the laser fluence but 
also on the laser wavelength and the target material properties (absorption coefficient, 
Figure 3.6. PLE peak energies ( ) for the Cl:Si-nc sample prepared from PSi in 
trichloroethylene (open symbols) and the C:Si-nc sample prepared from Cl:Si-nc in 1-octene 
(solid symbols) with respect to Eem. The inset shows the Gaussian-decomposition results for 
the PLE spectrum at Eem = 2.7 eV.
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geometrical shape, etc.).35 Because the laser-induced heat is dissipated in the surrounding 
liquid (in this case, resulting in boiling), its thermal conductivity is one of the most 
important factors determining the target heat dissipation.35 Trichloroethylene (Cl:Si-ncs) 
has a lower thermal conductivity (0.090 W/mK at 100oC) than 1-octene (0.1107 W/mK at 
100 oC). Thus, the heat-dissipation rate in trichloroethylene should be lower than that in 
1-octene, promising a higher laser-ablation efficiency and thus a higher preparation yield 
(Cl:Si-ncs).  
The PLE spectra of the Cl:Si-nc and C:Si-nc samples measured at various emission 
energies (Eem) are shown in figures 3.5(a) and (b), respectively. The PL spectra measured 
by excitation at 266 nm (4.7 eV) are also shown. The PLE spectra for the Cl:Si-nc shown in 
figure 3.5(a) clearly depend on Eem and shift towards the high-energy side with increasing 
Eem and spectral narrowing. For the C:Si-nc sample of figure 3.5(b), the PLE spectra consist 
of several excitation bands, and each of their peak positions shifts towards the high-energy 
side with increasing Eem. The PLE peak energies (EPLE) for the Cl:Si-nc and C:Si-nc samples 
in figure 3.5 are plotted as a function of Eem in figure 3.6. Each EPLE value for the C:Si-nc 
sample was determined via fitting with the three Gaussian components A, B, and C. The 
inset of figure 3.6 shows an example of the decomposition results for the PLE spectrum 
measured at Eem = 2.7 eV.  
As shown in figure 3.6, the A, B, and C peak values for the C:Si-nc sample gradually 
increase with increasing Eem. This result is very similar to that observed in our previous 
study (directly-prepared C:Si-nc in 1-octene from PSi).33 Thus, the three PLE bands A, B, 
and C are attributed to the direct interband transitions at the and X points. The 
increased EPLE with increasing Eem can be explained by the increased dipole-transition 
energies at the higher bandgap energies (i.e., the no direct transitions caused by the effect 
of the size reduction in Si-ncs).33 The dependence of EPLE on Eem for the Cl:Si-nc sample is 
very similar to that of the A band in the C:Si-nc sample. Thus, these PLE bands have the 
same origin. Furthermore, no separated higher excitation bands such as B and C are 
observed for Cl:Si-nc. The reason for the absence of these bands in the Cl:Si-nc sample is 
unclear. However, the different passivation states on the sample surfaces between Cl:Si-nc 
and C:Si-nc may cause the modification of the electron density of states at the higher 
energy levels, as theoretically predicted.36 Furthermore, it was recently demonstrated that 
different surface-termination species on Si-nc, such as chlorine and amine ligands, yield 
different surface states with various excited energy levels, resulting in the different 
tunability of PL emission wavelength.37 Thus, the difference in the PL emission peaks 
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between the Cl:Si-nc and C:Si-nc samples may be partly caused by the different surface 
species. 
Figure 3.7 shows the PL decay rate of the colloidal Si-nc samples obtained from the PL 
decay curves measured at Eem = 2.0–3.1 (Cl:Si-nc) and 2.2–3.1 eV (C:Si-nc). The inset shows 
the PL decay curves for the Cl:Si-nc and C:Si-nc samples measured at Eem = 3.0 eV. As 
shown in the inset, the samples exhibit decay characteristics on the nanosecond scale. 
Furthermore, the decay curves are observed to deviate from the single-exponential shape, 
implying the existence of various recombination pathways. The decay rate was obtained by 
fitting the PL decay curve with a convoluted curve of the measured instrument response 
function (IRF) and the three-exponential model function [F(t) = a1exp (t/1) + a2exp(t/2) + 
a3exp(t/3)] to extract the averaged time constant of the decay curve using a data-analysis 
software (SPC image, Becker & Hickel GmbH). The solid curves in the inset of figure 3.7 
show these fitting results. The decay rate (w) was calculated according to the fit-obtained 
parameters using the equation   w =m = (a1 + a2 + a3) / (a11 + a22 + a33). 
Figure 3.7. PL decay rate with respect to the emission energy Eem for the Cl:Si-nc sample 
prepared from PSi in trichloroethylene (solid squares) and the C:Si-nc sample prepared 
from Cl:Si-nc in 1-octene (solid circles). The decay rate for the Cl:Si-nc sample with the 
second laser irradiation is also plotted (open squares). The solid curves are for visual 
guidance. The inset shows the PL decay curves of the Cl:Si-ncs (black curve) and C:Si-ncs 
(blue curve) measured at Eem = 3.0 eV.
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Hydrogen- and oxygen-passivated Si-nc samples usually exhibit microsecond decays 
owing to their inherent indirect bandgap nature.38-40 On the other hand, carbon-passivated 
Si-ncs can exhibit nanosecond decays.14, 15 The fast decays are attributed to the enhanced 
radiative-decay rates in C:Si-nc samples. Several mechanisms for the radiative decay-rate 
enhancement have been suggested (e.g., resonantly enhanced mixing between the electron 
states in the X valley and the hole states in the valley36). For the present Cl:Si-nc and 
C:Si-nc samples, we expect such an enhancement of the radiative decay rates caused by 
the different surface modifications. 
The PL decay rates (figure 3.7) clearly increase with increasing Eem for both the C:Si-
nc (solid squares) and Cl:Si-nc (solid circles) samples. This tendency may indicate the size 
(emission energy) dependence of the radiative-decay rate of the Si-ncs.41. However, the 
measured decay rate can be determined by the sum of the radiative and non-radiative 
decay rates, which depend on the emission energy.42 Thus, to further discuss the origin of 
the emission-energy dependence of the decay rate, the estimation of the radiative and non-
radiative decay rates of Si-ncs at different emission energies is necessary.41-43 
The decay rates for the Cl:Si-ncs were larger than those for the C:Si-ncs, regardless of 
Eem. Because the PL quantum efficiency (~7%) for the Cl:Si-ncs was smaller than that for 
the C:Si-ncs (~13%), the non-radiative decay rate for the former sample was larger than 
that for the latter sample (C:Si-nc). The reason for this is as follows. The measured decay 
rates w and the internal quantum efficiency  can be defined as w = wr + wnr and  = wr/w 
= wr/(wr + wnr), respectively, where the wr and wnr are the intrinsic radiative and non-
radiative decay rates, respectively. Assuming that the radiative-decay rate for the C:Si-ncs 
is similar to that for the Cl:Si-ncs, the larger wnr value for the Cl:Si-ncs promises larger w 
and smaller  values owing to the aforementioned relationship. This is because of the 
formation of numerous surface defect states due to the insufficient surface-passivation 
quality of the Cl:Si-nc sample. This result supports the conjecture that the solvent 
trichloroethylene has a lower reactivity, producing a considerable amount of surface defect 
states on Si-ncs, compared with 1-octene. The decay rates for the Cl:Si-nc sample subjected 
twice-post-laser irradiation (open squares in Figure 3.7) are similar to those of the original 
Cl:Si-nc sample. 
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3.4 Conclusions 
We prepared Cl:Si-ncs by the laser ablation of PSi in trichloroethylene. We achieved a 
change in the emission color from white to blue, as well as an PL quantum efficiency 
increase from 7% (Cl:Si-nc) to 13% (C:Si-nc), by performing a post-laser ablation treatment 
on the Cl:Si-nc samples in 1-octene to form a stable carbon-passivated Si-nc surface. Such 
improved PL properties of the post-laser ablation-prepared C:Si-nc sample arose from its 
nanoparticle-size reduction and improved surface passivation due to the higher reactivity 
of 1-octene compared with trichloroethylene. Moreover, the preparation yield of the Cl:Si-
nc sample prepared in trichloroethylene and that of the C:Si-nc sample prepared by the 
post-laser ablation of Cl:Si-nc in 1-octene were substantially larger than that of a directly 
laser ablation-prepared C:Si-nc sample synthesized from PSi powder in 1-octene. The 
higher preparation yield of the Cl:Si-nc sample in trichloroethylene is ascribed to its low 
heat-dissipation rate of the solvent (i.e., its low thermal conductivity). We also investigated 
the PL properties of similar colloidal Si-nc samples. A Cl:Si-nc sample exhibited an 
excitation band in the 3.0–4.0 eV spectral region, which is similar to that of the C:Si-nc 
sample prepared in 1-octene; However, the Cl:Si-nc sample did not exhibit an excitation 
band above ~4 eV, in direct contrast to the latter sample (C:Si-nc). These Cl:Si-nc and C:Si-
nc samples exhibited faster decay —on the nanosecond scale—than that usually observed 
(on the millisecond scale), probably because of the electronic energy-band structure 
modification of the present samples via surface passivation effect(s), as previously reported. 
The controllability of the PL properties by changing the organic solvents used in the laser-
ablation process may help us to understand the complicated physical processes of 
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Figure S3 Transmission electron microscope image of the colloidal Cl: Si-ncs formed by 
laser-ablating C:Si-nc samples in trichloroethylene.. 
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Chapter 4  
Improvement of laser processing for colloidal silicon 
nanocrystal formation in a reactive solvent 
  
4.1 Introduction  
Silicon nanocrystal (Si-nc) is a promising material for use in various applications in 
light emitting devices,1,2 photovoltaics, biological labeling,3 etc. This is owing to its unique 
properties such as the quantum confinement-induced intense luminescence, emission color 
tunability, and environmentally friendliness. There are various forms of Si-nc, e.g., porous 
silicon (PSi) which is an assembly of wire-like Si-nc,4 the nanoparticles embedded in a glass 
matrix,5 and free-standing “colloidal” nanoparticles.6-8 In particular, the “colloidal Si-nc” 
dispersed in solutions has attracted attention for low-cost, easiness of the handling in 
solution-based technology.2 Surface functionalization of the colloidal Si-nc also allows us to 
control its optical properties6 and chemical reactivity.7,8 
Freestanding colloidal Si-nc with hydrogen termination is reported to exhibit tunable 
PL in the entire visible region.9-11 However, such surface can be easily oxidized in ambient 
air, resulting in the degradation of PL from Si-nc. This effect is problematic for light-
emitting device applications and, therefore, further efficient surface protection technique 
is required. The effective approach for a stable functionalization of Si surface is termination 
by some alkyl groups.12-14 Such alkyl terminated Si-nc is reported to have relatively high 
PL efficiency without showing degradation in ambient air. 
Various techniques, such as electrochemical reduction,15 plasma deposition of silane,16 
wet-chemical synthesis,17 have been proposed for preparing colloidal Si-nc with alkyl 
termination. It should be noted that laser irradiation method in an organic solvent has 
some advantages (i.e., one-pot production and a concise preparation setup18-20) in preparing 
alkyl-terminated colloidal Si-nc. However, this synthesis process makes difficult to control 
the sizes of the colloidal nanoparticles and its size distribution is known to be wider.18 
Furthermore, the productivity or preparation yield of this process is relatively low due to 
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its necessity of using high power pulsed lasers.  The PL quantum efficiency (QE) of 
colloidal Si-nc prepared by laser irradiation process (~10-20%)18,21 is also usually lower 
than those prepared by other methods (~50-90%).22,23 Thus, it is important to improve the 
QE of alkyl-terminated Si-nc prepared by laser irradiation method. 
In this work, we demonstrate that the pulsed-UV-laser irradiation of PSi in a HF-
contained organic solution generates bright luminescent colloidal Si-nc (QE = ~50-70%) 
with a homogeneous size distribution. In previous works,21,24 we reported the preparation 
of blue- and orange-emitting colloidal Si-nc by pulsed-laser irradiation of PSi in ordinary 
organic solution (i.e., without HF). These prepared samples exhibit the lower QE values 
(15~20%) than the present samples, and its detailed size distribution through a microscopic 
technique such as transmission electron microscope is unclear. Furthermore, the 
preparation yield of the present samples is found to be larger than that of the previous 
orange-emitting ones. By systematically changing HF concentration, we investigate in 
detail the effects of HF addition in the organic solvent on the PL properties, size 
distribution, and preparation yield. We also discuss underlying mechanisms for the 
production of Si-nc with the highly improved laser processing in the reactive solvent 
proposed in the present study. 
4.2 Experimental section 
4.2.1 Preparation of PSi powder 
The colloidal Si-nc samples were prepared by pulsed-UV-laser irradiation onto PSi in 
liquid. The reason for the use of PSi as a target in this laser processing is its large surface 
area25 and lower thermal conductivity nature,26 which allow us to realize high productivity 
of the colloidal Si-nc.24 The PSi powder used was prepared by stain-etching of 
metallurgical-grade polycrystalline Si powder, which has a diameter range in the range of 
3–11 μm (Vesta Ceramics). Etching was performed in a mixture of aqueous HF and HNO3 
solutions. Its composition was HF (50%) : H2O: HNO3 (14.5N) = 4:1:20 in volume ratio. 
Etching time was 30 min. After etching, the PSi powder was collected by filtering the 
etchant solution and then dried under ambient conditions. 
 Chapter 4 
- 60 - 
 
4.2.2 Preparation of colloidal Si-nc 
For preparing the colloidal Si-nc samples, a 100 mg of PSi powder was firstly dispersed 
in an organic solvent (1-decene) with a quartz cuvette. Then, a small amount of aqueous 
HF solution was added in the organic solution. The concentration of aqueous HF solution 
was varied from 0 to 3 vol%. Finally, pulsed UV laser at 266 nm from a Q-switched Nd:YAG 
laser (Continuum) was irradiated with a pulse duration of 5 ns and a repetition rate of 15 
Hz for 6 h. The laser fluence was ~0.2 J/cm2. During laser irradiation, the PSi power 
dispersed in the HF/1-decene solution was constantly stirred by a magnetic stirrer. The 
laser light was irradiated into the solution through the lens with a focal length of 120 mm. 
The distance between the lens and the front of the cuvette was set at 180 mm. After laser 
irradiation, the supernatant part of liquid was filtered by centrifugation at 13,000 rpm for 
20 min with a membrane filter having a pore size of ~200 nm. This process enabled 
obtaining colloidal solution. As shown in Figure 4.1, the color of the colloidal solution 
obtained by adding the HF solution at 3 vol% became yellowish in color. The colloidal 
solution with HF exhibited bright orange emission under UV illumination, as shown in the 
inset of Figure 4.2(a). Note that the colloidal solution without HF also exhibited an orange 
emission, but its emission intensity was observed to be lower (see Figure 4.3 below).  
 
 
Figure 4.1. Photograph of the colloidal Si-nc samples prepared in the 1-decene solution 
without (left) and with HF solution (3 vol%, right) taken under room light. 
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4.2.3 Analytical technique 
The structural properties of the prepared Si-nc colloids were analyzed using a 
transmission electron microscope (TEM) (JEOL, TEM-2100). The surface chemistry of the 
samples was investigated using a Fourier-transform infrared (FTIR) spectrometer (Nicolet, 
iS50). The photoluminescence (PL) spectra were measured by using a single 
monochromator equipped with a charge-coupled device (Princeton Instruments, PIXIS 
100B). A He–Cd laser (Kimmon, IK3302R-E) was used as the excitation light source. From 
the measurements of the emission spectra for pure solution samples, we confirmed that 
the effects of Rayleigh and Raman scattering on PL spectra of Si-nc contained samples by 
changing the solution composition (i.e., the addition of HF) are neglected.  The optical 
absorption spectra were measured by using a V-570 (JASCO) spectrometer. Note that we 
also confirmed that no change in the absorbance spectra due to Rayleigh scattering occurs 
by the addition of HF. PL decay curves were measured by using a frequency-tripled 355 nm 
light pulse with a pulse width of 300 ps from a Nd:YAG laser (Teemphotonics, STV-01E). 
The laser pulse fluence was 21 J/cm2. Note that we confirmed that this laser power is low 
enough not to cause any undesired effects such as increase in non-radiative decay rates. 
The PL decay data were recorded by using a Peltier-device-cooled photomultiplier tube 
(Hamamatsu, R375) and multichannel scaler (Stanford Research, SR430). The relative QE 
was measured using He-Cd laser (325 nm, Kimmon) as the excitation source, a single 
monochromator equipped with a charge-coupled device (Princeton Instruments) as the 
detector, and Rhodamine 6G (Sigma Aldrich) as the reference sample.27 Optical 
measurements for the colloidal solution samples were performed in a quartz cuvette at 
room temperature. 
4.3 Results and discussion 
A representative high-resolution TEM (HRTEM) image of the nanoparticle with a 
diameter of ~3.2 nm is shown in Figure 4.2(a), obtained from the colloidal solution with the 
HF concentration at 3 vol%. The clear lattice fringe for the nanoparticle can be observed. 
The corresponding fast Fourier transform (FFT) diffraction pattern of the HRTEM image 
is shown in Figure S1. The lattice spacing of 3.2 Å is realized, corresponding to the (111) 
plane of the Si crystal. Thus, the prepared colloidal nanoparticles are concluded to be 
single-crystalline Si. The colloidal sample prepared in the organic solution without HF (0 
vol%) was also confirmed nanoparticles from the TEM measurements to be crystalline Si. 
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In previous work,21 we confirmed single crystalline nanoparticles with a several 
nanometers (3~4 nm) by the UV pulsed laser irradiation of PSi in similar organic solvent 
(1-octene) without HF. Note that the laser ablation of PSi with a pulsed visible laser light 
causes the formation of crystalline nanoparticles with relatively small sizes (~2 nm).24 The 
size distributions for the present two samples will be discussed later.  
Figure 4.2. (a) High-resolution TEM image of the colloidal Si-nc. Inset shows the 
photograph of the colloidal Si-nc dispersed in the 1-decene solution taken under UV 
illumination. (b) FTIR spectra of the colloidal Si-nc samples prepared in the 1-decene 
solution without (0 vol%, black curve) and with HF solution (3 vol%, red curve). 
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Figure 4.2(b) shows the FTIR spectra of the colloidal Si-nc samples prepared at the HF 
concentrations of 0 (black curve) and 3 vol.% (red curve). The clear absorption peak at 760 
cm-1 (Si-C) and those at 850, 1270, 1470 cm-1 (Si-CH3) (Ref. 28) were observed for the sample 
prepared at the HF concentration of 3 vol.%. The fact indicates that the colloidal Si-nc 
sample at 3 vol.% was terminated by some alkyl species. On the other hand, the colloidal 
Si-nc sample (0 vol.%) exhibited the absorption peaks at 990 and 1100 cm-1  due to the O-
Si-O vibration modes,28 together with the alkyl-related peaks. The alkyl-related absorption 
intensities for the sample with HF are also observed to be larger than those for the sample 
without HF. These results imply that the oxide-free alkyl-terminated layer was formed on 
the colloidal Si-nc surface prepared in the HF-contained organic solution with the alkyl 
termination coverage larger than that for the sample without HF.                      
Figure 4.3. (a) PL spectra of the colloidal Si-nc samples for various HF concentrations from 
0 to 3 vol% in 1-decene. (b) The PL quantum efficiencies of colloidal Si-nc samples as a 
function of HF concentration in 1-decene.
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Figure 4.3(a) shows the PL spectra of the colloidal Si-nc samples prepared at various 
HF concentrations, 0-3 vol.%. A broad emission band peaking at ~1.9 eV (~750 nm) is 
observed for all samples. The PL intensity clearly increases with increasing the HF 
concentration. Thus, the addition of HF considerably improves QE and/or the preparation 
yield of Si-nc. On the contrary, the changes in their spectral shapes (i.e., their widths and 
peak energies) are relatively small. In the previous work,21 the PL emission of the colloidal 
Si-nc prepared by the pulsed-UV-laser irradiation of PSi in an organic solution (1-octene) 
was mainly attributed to the band-to-band transitions of the electron hole pairs in quantum 
confined Si-nc cores. The present Si-nc sample prepared by the UV laser irradiation in the 
1-decene solution has essentially the same properties as the Si-nc sample previously 
prepared in 1-octene.21 Thus, no large change in the spectral shape in Figure 4.3(a) 
suggests that the origin of the PL emission for the colloidal Si-nc prepared in the HF-
contained solution should be the band-to-band transition in Si-nc core, the same as that 
prepared in the solution without HF. The reason for the higher PL peak energy for the 
sample without HF (~1.94 eV) compared with HF at 3 vol.% (~1.87 eV)  may be due to the 
size reduction of the colloidal Si-nc in the former sample caused by thinner surface oxide 
growth or deposition after the HF-free synthesis treatment and resultant bandgap 
widening of the Si-nc particles. Note that the PL emission of Si-nc samples obtained by 
laser ablation with a visible laser light appears in a different wavelength region (300-500 
nm) from the present samples.24 This is mainly due to a smaller size of the Si-nc (~2-3 nm) 
compared to that for the present sample (~3-4 nm). 
The HF concentration dependence of the relative QE of the colloidal Si-nc is shown in 
Figure 4.3(b). The QE values of the colloidal Si-nc prepared in the HF-contained solution 
(QE: ~50%-70%) are higher than that of the Si-nc without HF (QE: ~20%) and show slight 
increase with increasing HF concentration from 0.5 to 3 vol%. The increase in the QE by 
the addition of HF is considered to be due to an improvement in the alkyl passivation 
quality (i.e., a decrease in the surface defect density).29 In fact, the FTIR spectra in Figure 
4.2(b) showed that the Si-nc in the HF-contained sample has an efficiently alkyl-
terminated surface that may result in passivation of the surface dangling bonds (i.e., in the 
low surface defect density).  
To investigate the mechanism for the increase in the PL efficiency due the addition of 
HF, we measured the PL decay curves for the colloidal Si-nc sample prepared in the HF-
contained solution (3 vol.%) and that in the solution without HF (0 vol.%). These results 
are shown in Figure 4.4. The PL decay for the Si-nc at 3 vol.% becomes slower compared to 
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that for the Si-nc at 0 vol.%. Furthermore, the decay curves for these samples have slow 
(several tens of microseconds) and fast components (below several microseconds), as also 
observed in our previous work.21 The fast and slow components are to be due to the 
recombination via non-radiative defect centers and band-to-band recombination of the 
electron-hole pairs in the Si-nc cores, respectively. As seen in Figure 4.4, the slow-decay 
processes seem to be almost the same between them, while the fast decay component for 
the sample at 3 vol.% is slower than the 0 vol.% sample. To further qualitatively evaluate 
such PL decay processes, the measured PL decay curves were fitted with the “bistretched” 
exponential function, fs )/exp()/exp()( ffss
  tItItI  , where Is Is(f), s(f), and s(f) are the 
intensity, decay time, and  factor for the slow (fast) component, respectively. Note that 
the “stretched” exponential function has been popularly used for PL decay curve analysis 
of Si-nc core samples.30,31 In the present fitting procedure, the common decay time and  
factor for the slow decay component (s and s) are considered for both samples to reduce 
freedom of the fitting parameters. 
Figure 4.4. PL decay curves of the colloidal Si-nc samples for HF concentrations of 0 and 3 
vol.% in 1-decene detected at ~1.9 eV. The solid curves represent the fitting results of the 
bistretched exponential function.  
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The fitting results using the bistretched exponential function are shown as solid curves 
in Figure 4.4. The fitting curves are in reasonable agreement with the experimental data. 
The fit-obtained parameters for the slow component are s = 18.2±0.2 s, s = 0.74±0.01.  
Those for the fast component are also determined to be f = 3.37±0.06 s (0.32±0.2 s) and f 
= 0.41±0.01 (0.29±0.02) for the sample with (without) HF, respectively. The intensity ratios 
of the fast and slow components for the samples with and without HF are If/Is = 0.76±0.01 
and 1.19±0.1, respectively. These results indicate that the decay time for the fast 
component obtained by the addition of the HF in the organic solvent becomes much slower. 
Because the fast component represents the recombination via non-radiative defect centers, 
the slower decay time for the fast component observed for the Si-nc prepared in the HF-
contained solution implies the decreased surface defect density. This result is evidently 
responsible for the increase in the QE values in Figure 4.3(b). 
 
The present colloidal Si-nc samples are considered to be formed by the fragmentation 
of PSi target by the intense pulsed-laser irradiation.21 The Si surface can be simultaneously 
terminated by the alkyl groups due to the UV laser-assisted hydrosilation between the Si-






Scheme 1. Schematic representation for the formation processes of alkyl-terminated Si-
nc in an organic solvent with and without HF.
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solvent during laser irradiation considerably promotes such hydrosilation reaction process 
and results in oxygen-free, alkyl-terminated Si-nc surface with relatively high coverage, as 
observed in Figure 4.2(b). This is because HF can etch-remove undesirable oxide from Si 
surface and then uniform hydride surface can be formed. Therefore, the laser processing of 
PSi in HF-contained organic solution produces highly efficient colloidal Si-nc with 
considerably low defect density, as shown in Figure 4.3(b) (see also Figure 4.4). The similar 
increase in the QE of Si-nc via an enhancement in the hydrosilation reaction due to HF 
addition has also been reported in the literature.22,32 The above-mentioned alkyl 
termination mechanism for the increased QE by the HF addition is schematically shown 
in Scheme 1. 
 
To investigate the effects of the HF addition on the preparation yield of colloidal Si-nc, 
the absorbance spectra of the samples prepared in the different HF concentrations were 
measured. In Figure 4.5, we plotted absorbance value at 4.8 eV as a representative for the 
absorption of Si-nc in a UV region. Inset shows the corresponding spectra. The absorption 
Figure 4.5. Absorbance of the colloidal Si-nc samples at 4.8 eV as a function of HF 
concentration in 1-decene. Inset shows the absorbance spectra of the colloidal Si-nc 
samples for HF concentrations from 0 to 3 vol.% in 1-decene. The solid curve represents 
guide to the eye.
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in the UV region (< ~3 eV) increases with increasing HF concentration. Because the Si-nc 
size of several nanometers is much smaller than the investigated absorption light 
wavelengths, light scattering can be safely neglected. Thus, the absorbance is assumed to 
be proportional to the preparation yield. As shown in Figure 5, the absorbance at 4.8 eV 
increases with increasing HF concentration, implying the preparation yield to be increased 
with increasing HF concentration. Note that the similar gradual increase in the absorbance 
is also observed for the absorbance values above ~3 eV. One possible reason for the increase 
in the preparation yield by the addition of HF is the removal of native oxide overlayer on 
the PSi target surface. Because hydrogen-terminated Si surface will have lower mechanical 
strength than that covered with native oxide, the UV-laser-induced fragmentation occurs 
more efficiently in samples of native oxide-free PSi surfaces. The removal of oxide overlayer 
may also generate a mechanical stress in the porous Si network that will further affect the 
laser-induced fragmentation process to occur more effectively. 
Let us now discuss the size difference of the colloidal Si-nc samples prepared without 
and with HF addition. Figures 4.6(a) and 4.6(b) show a wide-view TEM images of the Si-
nc samples prepared without and with HF addition (3 vol.%), respectively. The relatively 
smaller particles are observed for the sample with HF than without HF. The magnified 
TEM images are also shown in Figure 6(c) and 6(d) to more clearly observe their lattice 
fringes. The single-crystalline Si particles with a diameter of ~2-3 nm are observed for both 
samples (see white circles in Figures 4.6(a) and 4.6(b). However, the larger nanoparticles 
are observed only in the Si-nc sample without HF (Figure 4.6(c) and Figure S2 in the 
Supporting Information). Note that some larger nanoparticles exhibit the polycrystalline 
nature (black circles in Figure 4.6(c)). From these TEM images, we obtained histograms of 
the Si-nc size distribution. These results are shown in Figures 4.6(e) and 4.6(f). In the 
construction of the histograms, we counted the nanoparticles with clear lattice fringes. 
The size distribution for the sample without HF in Figure 4.6(e) exhibits the bimodal 
distribution behavior, while the distribution for the sample with HF is monomodal (Figure 
4.6(f). The average diameters estimated from the bimodal distribution are ~3.1 and ~5.5 
nm. The average diameter of Si-nc for the sample with HF (~2.9 nm) is also observed to be 
nearly the same as the smaller diameter (~3.1 nm) obtained for the sample without HF. 
This result is in agreement with the fact that the two samples exhibit similar PL peak 
energies at ~1.9 eV, which strongly reflect the sizes of Si nanocrystallite. In other word, 
larger nanoparticles with larger size distribution (average diameters of ~5.5 nm) are 
considered not to contribute to the PL emission. This may be due to the insufficient surface 
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terminations for the larger nanoparticles particle because of difficulties in the uniform 
surface passivation in the larger nanoparticles. Another possible reason is the 
polycrystalline nature of the larger nanoparticles shown in Figure 4.6(c). The emission 
efficiency of these nanoparticles may be lower due to the migration of the excited carriers 
than single crystalline particles. However, the clear underlying mechanism is not clear in 
present.  
Figure 4.6. TEM images of the colloidal Si-nc samples prepared in the 1-decene 
solution without HF [(a), (c)] and HF (3 vol.%) [(b), (d)]. The histograms of the 
colloidal Si-nc sizes prepared in the 1-decene solution (e) without and (f) with HF 
solution (3 vol.%) derived from the TEM images in (c) and (d), respectively.
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Possible reason for the distinguishable difference in the size distribution observed in 
this study may be the different degree of the UV-laser-induced fragmentation of the PSi 
target in the solvent with or without HF. As mentioned before, the addition of HF etch-
removes the oxide overlayer on the PSi surface and makes the mechanical strength weaker. 
Thus, the irradiated laser power thoroughly fragments the porous network until the small 
nanoparticles generate, as illustrated in Scheme 1. This conjecture is consistent with 
higher preparation yield in the HF-contained solution via an efficient UV-laser-induced 
fragmentation process. On the contrary, the laser-induced fragmentation in the solvent 
without HF occurs insufficiently that produces the particles in still large size. The bimodal 
distribution coming from the thoroughly fragmented nanoparticles and remained larger 
particles justifies the above-mentioned speculation. The bimodal distribution has been 
occasionally observed in laser-induced size reduction process of metal nanoparticles.33  
 
4.4 Conclusions 
In conclusion, we demonstrated the highly improvement of formation processes for 
colloidal Si-nc by pulsed-UV-laser irradiation on porous silicon in a reactive HF-contained 
organic solution. The Si-nc samples exhibit a higher PL quantum yield (~50-70%) than that 
in an ordinary organic solvent without HF (~20%). This enhancement of the quantum yield 
is caused by the HF-induced removal of the surface oxide overlayer on Si-nc and 
subsequent hydrogen termination. These reactions promote the efficient hydrosilylation 
between the hydrogen surface and organic solvent, resulting in the lower defect density of 
the Si-nc surface. The preparation yield also increases by an order of the magnitude 
compared to that without HF and the size distribution of Si-nc becomes homogeneous, in 
direct contrast to the bimodal size distribution obtained in the ordinary solvent without 
HF. These results are owing to effective pulsed-laser-induced fragmentation by the removal 
of oxide overlayer and the resultant weakening of mechanical strength of the PSi target 
layer. The present novel improvement approach of laser processing using a reactive solvent 
containing HF for the preparation of colloidal Si-nc is expected to utilize as the future 
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4.6 Supporting Information 
 
 
Figure S1 FFT pattern of the transmission electron microscope image in the Figure 4.1a. 
 
Figure S2 Transmission electron microscope image of the colloidal Si-nc sample prepared 
in the HF-free solvent (0 vol%). 
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Chapter 5  
Concluding remarks  
  
In Conclusion, we developed improved fabrication techniques for luminescent colloidal 
Si-nc by pulsed laser irradiation of PSi. We fabricated the different-luminescence-color 
(blue, white, orange, and red) colloidal Si-nc with different size distributions by changing 
the different pulsed laser irradiation conditions, such as a kind of the solvent, the 
wavelength of pulsed laser, properties of PSi target. Such an emission color (size) control 
is usually difficult in conventional laser irradiation techniques. Furthermore, we succeeded 
in realizing a high yield preparation of the colloidal Si-nc sample by selecting an 
appropriate organic solvent and by adding a reactive liquid in the solvent. Our approach 
to control both PL properties (size) and preparation yields of Si-nc in pulsed laser 
irradiation techniques will help us to realize a future low-cost mass production of 
semiconductor nanocrystals.  
We reviewed and introduced related research in luminescent colloidal Si-nc for 
fundamental researches and optical device applications in Chapter 1, and then discussed 
the correlative problems and difficulty in luminescent colloidal Si-nc research field. Then 
how to solve those problems and difficulty details are discussed and presented in Chapter 
2-4.  
   In chapter 2, we developed a simple route to produce bright and multicolor luminescent 
colloidal Si-nc. The colloidal Si-nc was produced by pulsed UV laser irradiation of PSi in 
an organic solvent (1-octene). The emission color of the colloidal Si-nc’s reflected that of PSi, 
which indicates that colloidal Si-nc has a size distribution analogous to that of the starting 
PSi. 
In chapter 3, we prepared chlorine-passivated colloidal Si-nc (Cl:Si-nc) by laser 
ablation of PSi in trichloroethylene and demonstrated a change in the emission color from 
white to blue and also increased PL quantum efficiency from 2% (Cl:Si-nc) to 13% (C:Si-nc) 
by performing the post-laser ablation of the Cl:Si-nc sample in 1-octene to form stable 
carbon-passivated Si-nc surface. Such greatly improved PL properties of the post-laser 
ablation-prepared C:Si-nc sample come from its size reduction and also better surface 
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passivation, owing to higher reactive nature of 1-octene than that of trichloroethylene. 
Moreover, the preparation yield of the Cl:Si-nc sample prepared in trichloroethylene and 
that of the C:Si-nc sample prepared by the post-laser ablation of Cl:Si-nc in 1-octene were 
observed to be much larger than that of the directly laser ablation-prepared C:Si-nc sample 
from PSi powder in 1-octene. 
In chapter 4, we demonstrated the highly improvement of formation processes for 
colloidal Si-nc by pulsed-UV-laser irradiation on porous silicon in a reactive HF-contained 
organic solution. The Si-nc samples exhibit a higher PL quantum yield (~50–70%) than 
that in an ordinary organic solvent without HF (~20%). This enhancement of the quantum 
yield is caused by the HF-induced removal of the surface oxide overlayer on Si-nc and 
subsequent hydrogen termination. These reactions promote the efficient hydrosilylation 
between the hydrogen surface and organic solvent, resulting in the lower defect density of 
the Si-nc surface. The preparation yield also increases by an order of the magnitude 
compared to that without HF and the size distribution of Si-nc becomes homogeneous, in 
direct contrast to the bimodal size distribution obtained in the ordinary solvent without 
HF. These results are owing to effective pulsed-laser-induced fragmentation by the removal 
















 Chapter 5 
- 78 - 
 
 Publications and Presentations 
- 79 - 
 
Publications and Presentations 
Journal articles 
 
1. Z. Yuan, T. Nakamura, S. Adachi, and K. Matsuishi “Improvement of Laser 
Processing for Colloidal Silicon Nanocrystal Formation in a Reactive Solvent” J. Phys. 
Chem. C 121, 8623−8629 (2017). [IF:4.5] 
2. Z. Yuan, T. Nakamura, S. Adachi, and K. Matsuishi, “Luminescence color control and 
quantum-efficiency enhancement of colloidal Si nanocrystals by pulsed laser 
irradiation in liquid” Nanoscale 9, 1193 (2017). [IF:7.76] 
3. T. Nakamura, Z. Yuan, K. Watanabe, and S. Adachi “Bright and multicolor 
luminescent colloidal Si nanocrystals prepared by pulsed laser irradiation in 
liquid”Applied Physics Letters 108, 023105 (2016). [IF:3.14] 
4. T. Nakamura, Z. Yuan, and S. Adachi “High-yield preparation of blue-emitting 
colloidal Si nanocrystals by selective laser ablation of porous silicon in liquid”, 
Nanotechnology 25, pp 275602-1-7 (2014). [IF:3.57] 
5. T. Nakamura, Z. Yuan, and S. Adachi, “Micronization of red-emitting 
K2SiF6:Mn4+ phosphor by pulsed laser irradiation in liquid”, Applied Surface Science 




1.○袁 澤、中村 俊博、安達 定雄、橋本 修一、多孔質 Si の液中レーザーアブレーションに
よる青色発光 Si コロイドの作製、第 74 回 応用物理学会秋季講演会報告集、16p-D6-4、同志
社大学、2013/9/16-9/20 
2.○袁 澤、中村 俊博、安達 定雄、液中レーザーアブレーションによる赤色発光 K2SiF6:Mn4+
蛍光体の微粒子化、第 61 回 応用物理学会春季学術講演会報告集、19p-E11-14、青山学院大
学、2014/3/17-3/20 
3.○渡邊 幹太、袁 澤、中村 俊博、安達 定雄、ポストレーザー照射によるナノ結晶 Si コロ
イドの発光波長制御、第 62 回 応用物理学会春季学術講演会報告集、 12p-A20-13、東海大学、
湘南キャンパス、2015/3/11-3/14 
4.○袁 澤、中村 俊博、安達 定雄、多孔質 Si の液中レーザーアブレーションによる白色発光
Si ナノ粒子の作製、平成 27 年 電気学会全国大会報告集、2-099, 東京都市大学 世田谷キャ
 Publications and Presentations 
- 80 - 
 
ンパス、2015/3/24-3/26 
5.○袁 澤、渡邊 幹太、中村 俊博、安達 定雄、多孔質 Si の液中パルスレーザー照射による多
色発光 Si ナノ粒子の作製、第 74 回 応用物理学会秋季講演会報告集、14a-2Q-7、名古屋国際
会場、2015/9/13-9/16 
6.○渡邊 幹太、袁 澤、中村 俊博、安達 定雄、橙色発光 Si ナノ結晶コロイドに対するポスト
レーザー照射の効果、第 74 回 応用物理学会秋季講演会報告集、14a-2Q-8、名古屋国際会場、
2015/9/13-9/16 
7.○中村 俊博、袁 澤、安達 定雄、多孔質 Si の液中レーザー照射によるナノ結晶 Si 粒子の
高効率生成と発光色制御、第 63 回 応用物理学会春季学術講演会報告集、 20p-W321-7 東京
工業大学、2016/3/24-3/26 
8.○渡邊 幹太、袁 澤、中村 俊博、安達 定雄、多孔質 Si の液中紫外レーザー照射による Si ナ
ノ結晶コロイドの作製条件の最適化第 63回 応用物理学会春季学術講演会報告集、19a-W834-
3、 東京工業大学、2016/3/24-3/26 
9.○須田 義規、渡邊 幹太、袁 澤、中村 俊博、安達 定雄、多孔質 Si の液中紫外レーザー照
射により作製した Si ナノ結晶コロイドの発光特性の評価第 63 回 応用物理学会春季学術講演
会報告集、19a-W834-4、東京工業大学、2016/3/24-3/26 
10.○袁 澤、中村俊博、安達定雄、松石清人、高反応性分散液中レーザー照射プロセスによる
Si ナノ結晶コロイド粒子の発光効率の改善とサイズ分布の狭小化、第 64 回応用物理学会学術
講演会報告集、14p-512-7、パシフィコ横浜、2017/3/14-3/17 
11. ○T. Nakamura, Z. Yuan, S. Hashimoto, S. Adachi 
"Preparation of blue-emitting colloidal Si nanocrystals by laser ablation of porous silicon 
in liquid" 
Advanced Nanoparticle Generation and Excitation by Laser in Liquids (ANGEL) 
Matsuyama, Japan (19-21 May, 2014) 
12. ○T. Nakamura, Z. Yuan, S. Adachi 
"Fabrication of colloidal Si nanoparticles by pulsed-laser irradiation of porous Si in liquid: 
Toward high productivity and size control" 
The 18th International Symposium on Laser Precision Microfabrication (LPM2017) 
Toyama, Japan (05-08 June 2017) 
 
 
 Publications and Presentations 
- 81 - 
 
 Acknowledgments 
- 82 - 
 
Acknowledgments 
I would like to express my deepest gratitude to my adviser Professor Kiyoto 
Matsuishi in the Development of Materials Science at the faculty of Pure and 
Applied Sciences, University of Tsukuba for his great help, without whom this thesis 
would have only been a dream. I am indebted for Professor Matsuishi constant 
assistance, encouragement, guidance and the tremendous support and 
opportunities when I during studies at University of Tsukuba. I do not have words 
to express my real appreciation for Professor Matsuishi. He has always been there 
and gone beyond what I expected from anyone in navigating me towards my 
educational goals. He has taught me many important lessons in life which will 
always guide me throughout my PHD program. The many skills I have learnt from 
Professor Matsuishi will constantly remind me of how great a teacher he is 
throughout my life. 
I would like to express my thesis co-advisor and longtime teacher during my 
years, Associate Professor Toshihiro Nakamura. I knew Professor Nakamura long 
before I started my Master's program (Research student period) in Gunma 
University. He was a mentor and like a big brother to me. He was the reason for 
me to join the PhD program, because I want to become a researcher like him much. 
During the PhD process, he always encouraged me to express my ideas. He showed 
me how to research a problem and achieve goals. He spent endless time reviewing 
and proofreading my papers, asking me questions to let me think harder, and 
supported me during the difficult times in my research. He believed in me when I 
doubted myself. Without his encouragements, continuous guidance and insight, I 
could not have finished this dissertation. Our weekly progress emails were our 
means of communication and way to keep in touch that gave me the motivation 
to work harder and make the best effort possible. His effort and patience will never 
be forgotten. 
I profusely thank Honorary Professor Sadao Adachi, who is my co-advisor, 
Graduate School of Science and Technology, Gunma University. He is like a father 
to care of me. He was always eager to help, be it a research issue or a worldly 
matter. Without his breadth of knowledge in the area of material science, finishing 
my thesis would have remained a distant dream. 
I would like to thank the Committee, Associate Professor Tetsuya Makimura, 
 Acknowledgments 
- 83 - 
 
Associate Professor Kazuhiro Marumoto, Associate Professor Hisanori Tanimoto, 
for precious wise advices. They were very kind to me but keen and strict with 
respect to science. 
I would thank many other colleagues and research friends in university and 
other Institutes for every advice and assistance, namely (in family name order) 
Prof., N. Shirahata (National Institute for Materials Science (NIMS), Japan), Prof., 
N. Koshida (Department of Electronic and Information Engineering, Graduate 
School of Engineering, Tokyo University of Agriculture and Technology, Japan), Dr. 
X.D. He (Department of Physical and Chemical Inspection School of Public Health, 
Shandong University, China) Thank you all. 
I am grateful to University of Tsukuba, Tsukuba City and Japan, where I lived 
and studied for more than 3 years. 
Last but not least, I would like to thank my family for their deep and endless 

















February, 2018  
Tsukuba, Japan  
 
 
